The opioid epidemic is a major public health crisis in the U.S. Contemporary data on opioid use disorder (OUD) related hospitalizations are needed. Our objective was to assess whether OUD hospitalizations and associated mortality are increasing over time and examine the factors associated healthcare utilization and mortality.
Methods and findings
We examined the rates of OUD hospitalizations and associated mortality using the U.S. National Inpatient Sample (NIS) data from 1998-2016. Multivariable-adjusted logistic regression assessed the association of demographic, clinical and hospital characteristics with inpatient mortality and healthcare utilization (total hospital charges, discharge to a rehabilitation facility, length of hospital stay) during the index hospitalization for opioid use disorder. We calculated the odds ratio (OR) and 95% confidence intervals (CI). We estimated 781,767 OUD hospitalizations. The rate of OUD hospitalization and associated mortality (/100,000 overall NIS hospitalizations) increased from 59.8 and 1.2 in 1998-2000 to 190.7 and 5.9 in 2015-16, respectively. In the multivariable-adjusted analysis, the following factors were associated with worse outcomes; compared to age <34 years, older age was associated with higher risk of hospital charges above the median and length of stay >3 days, slightly higher risk of discharge to a rehabilitation facility. Higher Deyo-Charlson score was associated with higher hospital charges, length of hospital stay, and inpatient mortality. Women had lower odds of inpatient mortality than men and blacks had lower odds of mortality than whites.
Conclusions
Rising OUD hospitalizations from 1998 to 2016 and increasing associated inpatient mortality are concerning. Certain groups are at higher risk of poor utilization outcomes and inpatient PLOS ONE | https://doi.org/10.1371/journal.pone.0229174 February 18, 2020 1 / 14 a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
Introduction
The opioid epidemic in the U.S. is a concern for providers, hospitals, policy-makers and the public [1] [2] [3] . The opioid epidemic is associated with significant mortality with calls for action to end the epidemic [4, 5] . Based on national vital statistics data, the Centers for Disease Control (CDC) reported that 28,647 opioid-related deaths in 2014 that increased to 33,091 in 2015 (16% increase) [1] , and to 42,249 deaths in 2016 (47% increase) [6] . The opioid overdose death rate increased from 2000 to 2014 [3] and continued the upward trend, increasing from 9.0 per 100,000 in 2014 to 10.4 in 2015 [1] . In addition to examining opioid use disorder (OUD)-related mortality, hospitalizations associated with OUD can help us better understand the opioid epidemic. A recent study of U. S. national inpatient sample (NIS) documented that nearly half a million hospitalizations yearly included a diagnosis of OUD (in any position, primary or secondary) [7] . Regional and demographic differences exist in prescription opioid and heroin-related overdose hospitalizations [8] . The Centers for Disease Control (CDC) issued a guideline to reduce the overutilization of prescription opioid use as a potential solution to the opioid epidemic [9] . Various state and federal agencies, including the drug enforcement agencies, have been monitoring narcotic prescription patterns [10] .
Due to the limited data on hospitalizations for OUD without opioid overdose, detoxification or rehabilitation services, we aimed to examine hospitalizations related to this clinical problem. We examined time-trends in the OUD hospitalizations and the associated healthcare utilization and mortality, and assessed the factors associated with healthcare utilization and mortality during the OUD-associated hospitalizations.
Materials and methods

Data source
We included discharges from the Healthcare Cost and Utilization Project's (HCUP) National Inpatient Sample (NIS) from 1998 to 2016. The NIS is a 20% stratified sample of hospital discharges, designed for creating national estimates of all hospitalizations in the U.S. The NIS changed design in 2012 from a 20% sample of hospitals to a 20% sample of discharges from hospitals. We used the recommended trend weights from the HCUP documentation to allow analyses across multiple years. The University of Alabama at Birmingham's Institutional Review Board approved this study (X120207004) and waived the need for informed consent for this database study since these national data are de-identified. All investigations were conducted in conformity with ethical principles of research.
Study cohort
We identified hospitalizations for OUD based on the presence of any of the following International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) or Tenth Revision, Clinical Modification (ICD-10-CM) diagnostic codes for opioid dependence, abuse, or poisoning in the primary diagnosis position, as by the Agency for Healthcare Research and Quality [11] : ICD-9-CM: 304.0x, 304.7x, 305.5x, 965.0x, E850.0, E935.0, F111.xxx, F112.xxx, Outcomes Study outcomes were index hospitalization healthcare utilization and inpatient mortality. We assessed the length of hospital stay (above/below median), the total hospital charges in U.S. dollars (above/below median for each year) and the discharge disposition, i.e., to home vs. a rehabilitation facility, which included short-or long-term care hospital, skilled nursing facility, intermediate care facility, or a certified nursing facility. We also assessed the inpatient mortality during the index hospitalization. We assessed several important covariate and potential confounders including socio-demographics (age, sex, race/ethnicity, income [in quartiles]), comorbidity (Deyo-Charlson comorbidity index, a validated measure that included 17 comorbidities, based on the presence of ICD-9-CM codes [12] , categorized as 0, 1 and �2), insurance payer (Medicare, Medicaid, private, self-pay or other), and hospital characteristics. We categorized hospital location/teaching status as rural, urban non-teaching or urban teaching hospital; hospital bed size as small, medium or large, using the NIS cut-offs that vary by the year; and hospital region as Northeast, Midwest, South, and West.
Statistical analyses
We assessed summary statistics for the study cohort. We examined the time-trends by examining the rates of hospitalization for OUD as the primary diagnosis from 1998 to 2016 per 100,000 NIS claims. Inpatient mortality rates were similarly assessed over time for those hospitalized with OUD per 100,000 NIS claims and per 100,000 OUD claims.
We examined healthcare utilization outcomes over time. We performed separate multivariable-adjusted logistic regression analyses to assess the factors associated with each OUD hospitalization-related healthcare utilization outcome, i.e., the total hospital charges above/below the median, discharge to a rehabilitation facility vs. home, the length of hospital stay above/ below the median and inpatient mortality. Models included all covariates and potential confounders of interest described in the section above. We calculated the odds ratios (OR) and 95% confidence intervals (CI).
Patient and public involvement
There was no direct patient involvement in the development of the study question or the execution of the study.
Results
Study cohort characteristics
For the study period from 1998 to 2016, we estimated a total of 781,767 OUD hospitalizations. The mean age was 43.7 years (standard error, 0.1), 52% were male, 67% White, and about a quarter each had Medicare, Medicaid or private insurance payer (Table 1) . Fifty-four percent of people admitted for OUD were 45 years or younger. The majority (60%) were relatively healthy with a Deyo-Charlson score of zero. OUD hospitalizations were the highest in the 
Characteristics of OUD-hospitalizations and outcomes by region
We found that compared to the Northeast, people with OUD-hospitalizations in the other 3 U. S. regions were more likely to be older, female, have Deyo-Charlson comorbidity index score �2, have Medicare, be admitted to a hospital with large bed size; and less likely to be White, have Medicaid, be in the highest income quartile, be admitted to urban, teaching hospital ( Table 2 ). Compared to the Northeast, we found that a slightly lower proportion of OUD hospitalizations in the other 3 U.S. regions had discharge to non-home settings, had hospital length of stay >3 days or left against medical advice (all with p-value <0.001; Table 2 ). Mean hospital stay was longest in the Northeast; mean hospital charges were the highest in the West followed by Northeast. Differences in in-hospital mortality were also statistically significant, but small in magnitude.
Outcomes of opioid use disorder hospitalizations by age, sex and race
We noted the people with older age >55 and females with OUD-hospitalization were significantly more likely than younger people and males to be discharged to non-home settings, have hospital charges higher than the median, or hospital stay >3 days (S1 Table) . Whites were more likely to be discharged to non-home settings compared to all other race/ethnicities. Differences in mortality by age, sex and race were small.
Time-trends in opioid use disorder hospitalization and associated mortality and healthcare utilization
OUD hospitalizations were 59.8 per 100,000 of all NIS hospitalizations in the U.S. with any diagnosis in 1998-2000, which increased steadily over the study period to 190.7 per 100,000 Time-trends in opioid use hospitalizations in the U.S. Fig 1) . The mortality rate for OUD hospitalization was 1.2 per 100,000 NIS hospitalizations in the U.S. in 1998-2000 that increased 5-times to 5.9 per 100,000 NIS hospitalizations in 2015-16 (Table 3) .
Among the OUD hospitalizations, the mortality rate increased from 19.8 per 1,000 OUD hospitalizations in 1998-2000 to 30.9 per 1,000 OUD hospitalizations in 2015-16 (Table 3 ). In comparison, mortality rate decreased for non-OUD hospitalizations over the same period from 23.8 to 19 per 1,000 non-OUD hospitalizations (Fig 2) . Time-related increase in OUD hospitalizations and associated mortality was seen in all age groups, both sexes and in both white and non-white race/ethnicity (data available on request).
Time-trends in OUD hospitalization associated healthcare utilization showed an increase over the study period, with the mean (median) total hospital charges increased from $8,261 ($4,339) to $32,792 ($18,244; Table 3 ). In contrast, we saw little change in mean (median) length of hospital stay from 3.2 days (1.6) to 3.9 days (2.2) over the study period and no change in the proportion discharged to home, i.e., 80% in 1998-2000 versus 80% in 2015-16 (Table 4 ). Time-trends in opioid use hospitalizations in the U.S.
Multivariable-adjusted predictors of healthcare utilization and inpatient mortality in people admitted with opioid use disorder
In the multivariable-adjusted analysis, compared to age <34 years, older age was associated with a higher risk of hospital charges above the median and the length of hospital stay >3 days and a slightly higher risk of discharge to a rehabilitation facility ( Table 5 ). Higher Deyo-Charlson score was associated with higher hospital charges, a longer length of hospital stay, and higher inpatient mortality (Table 5 ). Women had 26% higher odds and Blacks 31% lower odds of discharge to a rehabilitation facility, compared to men and Whites, respectively. We found that women had 25% lower odds of inpatient mortality than men, blacks had 33% lower odds of mortality than whites and older age was associated with higher inpatient mortality. The models for hospital charges, length of stay, and inpatient mortality also showed better outcomes for rural hospitals compared with both urban teaching and urban non-teaching hospitals. Compared to the hospitals in the Northeast U.S., those in the Midwest and the South had lower hospital charges, shorter length of stay, and lower odds of discharge to nonhome settings. Lower income was associated with lower hospital charges and lower odds of discharge to non-home settings ( Table 5 ).
Discussion
We performed a longitudinal study of OUD hospitalizations over a 19-year period from 1998 to 2016, the most recent year of publicly available NIS data. We examined the time-trends in OUD hospitalizations and associated healthcare utilization outcomes and mortality, and their predictors. Our multivariable-adjusted models identified several factors independently associated with each healthcare utilization and in-hospital mortality, while all the other factors shown were adjusted for in the analyses. Several findings of this study merit further discussion. The OUD hospitalizations in the U.S. increased steadily from 62,010 in 1998-2000 to 136,240 in 2015-2016, the most recent period with available data. We noted a 219% increase in OUD hospitalizations, compared to the baseline from 1998-2000. The continued rise in OUD hospitalizations in the U.S. is of concern. State and federal agencies have implemented 1.61 (1.55, 1.66)  1.21 (1.17, 1.26 1.72 (1.66, 1.79)  1.41 (1.36, 1.47)  1.16 (1.11, 1.21)  0.74 (0.66, 0.83 26 (1.23, 1.30)  0.75 (0.70, 0.81 06 (1.03, 1.10)  0.82 (0.79, 0.85)  1.17 (1.06, 1.29 ) 15 (1.11, 1.19)  1.11 (1.07, 1.15)  1.20 (1.16, 1.25 Time-trends in opioid use hospitalizations in the U.S.
several policies for OUD and various programs to reduce related morbidity [10, [13] [14] [15] [16] . This increasing trend in OUD hospitalizations in the U.S. confirms the impact of OUD epidemic on the healthcare system, and describes the magnitude of the problem. These findings are also consistent with an increasing OUD in delivery hospitalizations to 2014 [17] . The death rate for OUD hospitalizations was 1.2 per 100,000 NIS hospitalizations in 1998-2000 that increased 5-times to 5.9 per 100,000 NIS hospitalizations in 2015-16. The increase in the OUD hospitalization mortality rate continued through the most recent study period, 2015-16. There was an increase of 77% between 2011-2012 to 2015-16. This is consistent with national CDC estimates of rapidly increasing OUD-related deaths, noted to be 28,647, 33,091 and 42,249 in 2014, 2015 and 2016, respectively [1, 6] . The 47% increase in OUD-related mortality from 2014 to 2016 was alarming [6] .
Compared to mortality rate in the general population with hospitalization, OUD-related mortality rates were 0.8 times in 1998-2000, but rose to 1.6 times higher in 2015-2016. This indicates worsening of the mortality outcome in OUD-related hospitalizations over time, relative to all other hospitalizations in the U.S. This might be related to a higher severity of opioid abuse, a reduction in access to care or higher associated psychiatric or medical comorbidity over time. These hypotheses need further examination.
In unadjusted comparisons, we noted the OUD hospitalizations in people with older age >55, females and Northeast U.S. region had higher healthcare utilization; OUD hospitalizations in Northeast were also associated with higher proportion of people leaving against medical advice. Whites had higher rate of discharge to non-home settings after OUD hospitalizations compared to other race/ethnicities. Mortality rates were only slightly different by any of these characteristics. We also found interesting differences in patient characteristics by U.S. region in OUD hospitalizations.
The implementation of effective policy and public health programs in the U.S. has the potential to reverse the trend in OUD hospitalizations in the near future [9, 10, [13] [14] [15] [16] [18] [19] [20] . Strategies and programs to reduce OUD and improve OUD outcomes are being developed. Examples include a system-wide organizational opioid stewardship program (OSP) that was associated with a reduction in opioid morbidity [21] . A combined implementation of mandated provider review of state-run prescription drug monitoring program and pain clinic laws reduced opioid amounts prescribed by 8% and prescription opioid overdose death rates by 12% [22] . Telemedicine has the potential to improve the provision of evidence-based medication-assisted treatment for OUD [23] . The use of buprenorphine and methadone maintenance treatment after non-fatal opioid overdose reduced all-cause and opioid-related mortality [24] . This finding is supported by a systematic review and meta-analysis of 19 studies with 138,716 people treated with either methadone or buprenorphine for opioid dependence [25] . Thus, effective strategies exist to reduce the OUD-related morbidity and mortality.
We examined important patient/clinical characteristics associated with OUD hospitalization related healthcare utilization and mortality. Older age, White race, a higher Deyo-Charlson score and female sex were each associated with worse healthcare utilization outcomes or mortality related to index OUD hospitalization. A previous CDC analysis of drug overdose deaths (prescription opioids and heroin were the main causes) using the 2013 and 2014 national data found that age-adjusted mortality rates for Whites, Blacks and Hispanics were 19, 10.5 and 6.7 per 100,000 [3] . In a study of OUD-hospitalization mortality, Whites, ages 50-64, Medicare beneficiaries with disabilities, and residents of lower-income areas were noted to have higher odds of opioid/heroin poisoning [26] . These studies provide one potential reason for higher mortality in Whites and are consistent with our observation of an independent association of White race with higher mortality during OUD-hospitalization, adjusted for age, sex, insurance, income, comorbidity, hospital region (rural/urban) and teaching status, location or bed size. Future studies are needed to assess the other underlying causes for higher mortality in Whites with OUD-hospitalizations.
Our observation of the association of male sex with higher inpatient mortality of OUDhospitalization extends similar observations in people who underwent elective total joint replacement [27] or with pharmaceutical opioid related overdose deaths [28] . We also noted differences by region and by hospital characteristics in these outcomes, which extend similar findings for opioid and heroin-related overdose hospitalizations [8] to OUD-related hospitalizations.
Our study findings must be interpreted considering study limitations. Misclassification bias is possible, since we used diagnostic codes for the identification of the study cohort and comorbidities. Our observational cohort study design puts this study at the potential risk of residual confounding for the predictors of healthcare utilization and mortality outcomes; we adjusted for multiple covariates and confounders to reduce the risk of confounding bias. We assessed hospital charges, which are usually inflated and do not reflect the actual cost of the hospitalization. Due to the lack of cause of death data in the NIS, we are unable to comment on whether the causes of death changed over time, were attributed to OUD or related disorder (hepatitis C, HIV, endocarditis, valvular disease) or differed by factors significantly associated with higher mortality. Longer-term studies of mortality up to 4 years after OUD hospitalization found that both opioid use and physical comorbidities contributed to mortality [29, 30] .
Our study has many strengths. We used the U.S. NIS, a national dataset that makes our results generalizable to the general U.S. population. We used two decades of data to examine the time-trends in OUD hospitalization, another study strength.
Conclusions
In conclusion, we found increasing rates of OUD hospitalizations and OUD mortality rates from 1998 to 2016. These time-trends are concerning, given the alarmingly high rates of associated mortality and no trends of a slow-down or decline. We identified factors associated with healthcare utilization and mortality outcomes for OUD hospitalizations. Future studies need to examine the most effective strategies to reduce OUD hospitalizations and associated mortality and healthcare utilization. 
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